Nitrite was formed from hydroxylamine and several oximes by intact cells and extracts of Pseudomonas aeruginosa. The activity was induced by the presence of oximes in the culture medium. Nitroalkanes were not intermediates in the conversion of acetaldoxime, acetone oxime, or butanone oxime to nitrite, since nitromethane inhibited the formation of nitrite from the nitro compounds but not from the corresponding oximes. The oxime apparently functions as a constant source of hydroxylamine during growth of the bacterium. Hydroxylamine at low concentration was converted stoichiometrically to nitrite by extracts of the bacterium; high concentrations were inhibitory. Nicotinamide adenine dinucleotide phosphate, oxygen, and other unidentified cofactors were necessary for the reaction. Actively nitrifying extracts possessed no hydroxylamine-cytochrome c reductase activity. Hyponitrite, nitrous oxide, and nitric oxide were not metabolized.
Pseudomonas aeruginosa grown in a medium containing acetaldoxime has been recently shown to convert all the oxime-nitrogen to nitrite. Extracts of this bacterium also formed nitrite when incubated with the same substrate, but the recovery of the oxime-nitrogen as nitrite was very low (14) . The nitrite formed in this reaction might be generated either by oxidation of the hydroxylamine liberated from the oxime or by a cleavage of the nitro group from nitroethane, the compound which would be formed if the nitrogen was oxidized when it was still bound to the organic molecule. Nitroethane was converted to nitrite by P. aeruginosa in yields comparable to those obtained with acetaldoxime as substrate (14) .
The present study was designed to determine if P. aeruginosa formed nitrite from oximes by an organic or an inorganic pathway. As it was shown that the oxidation involved hydroxylamine, some properties of the enzyme system responsible for the formation of nitrite from hydroxylamine were also studied.
MATERIALS AND METHODS
The strain of P. aeruginosa and the growth medium used were the same as described previously (14) . 1 Present address: Laboratoire de Microbiologie des Sols, INRA, Dijon, France. Acetaldoxime was present in the medium at a concentration of 0.02 M. The bacteria were cultivated on a rotary shaker at 25 C in 2-liter flasks containing 800 ml of medium. After 16 hr, the cells were harvested by centrifugation and washed twice with 0.02 M tris (hydroxymethyl) aminomethane (Tris) -maleate buffer (pH 6.8). The washed cell paste was suspended in the same buffer in a ratio of 3 g of paste to 10 ml of buffer, and the suspension was treated for 4 min at full power in a 20-kc Biosonik ultrasonic probe (Bronwill Scientific, Rochester, N.Y.) at a temperature not exceeding 4 C. Whole cells, cellular debris, and much of the particulate matter were removed by centrifugation at 20,000 X g for 60 min to yield an enzyme preparation which contained 5 to 6 mg of protein per ml. The cell extract was stored at -20 C.
To separate the low molecular weight components from proteins in the extract, the preparation was centrifuged at 144,000 X g for 60 min, and 10 ml of the supematant fluid was applied to a 2 X 25 cm column of Sephadex G-50 Fine (Pharmacia Fine Chemicals, New Market, N.J.) maintained at 4 C. The column was eluted with 0.02 M Tris-maleate buffer (pH 6.8), and 5.0-ml fractions were collected in a fraction collector at 4 C.
Unless otherwise specified, the activity was defined as the amount of nitrite which was formed or the amount of hydroxylamine which disappeared during a 60-min period at 30 C in 0.5 ml of a mixture containing 0.1 ml of 0.1 M Tris-maleate buffer (pH 6.8), 0.1 ml of the extract or enzyme preparation, and 0.25 Amole of freshly prepared hydroxylamine sulfate.
Nitrite was determined colorimetrically by the a-naphthylamine-sulfanilic acid procedure (2) . The hydroxylamine concentration was measured either by an iodine oxidation method (7) or by the procedure of AMARGER AND ALEXANDER Frear and Burrell (9) . Standard curves and controls with boiled enzyme were included at the time of each determination. When hydroxylamine levels were measured by the method of Frear and Burrell, the reaction was terminated by the addition of 0.1 ml of 5% trichloroacetic acid. In the other procedures, the enzymatic reaction was terminated by the addition of the first reagent, sulfanilic acid, which precipitated the proteins. The precipitate was removed by centrifugation before readings were made. Protein was determined by the colorimetric method of Lowry et al. (13) , using the Folin-Ciocalteu reagent and bovine serum albumin as a standard. Catalase was measured by the procedure described by Beers and Sizer (5) .
Hyponitrite was synthesized by the method of Stevens (17) . Before use, the hyponitrite was dissolved in 1 N NaOH, and 0. (14) . The problem was resolved, however, by making use of the fact that nitromethane, a nitro compound which was not converted to nitrite, served as an inhibitor for the cleavage of the nitro group from other nitroalkanes by the enzyme preparation. Nitromethane completely inhibited the conversion of nitroethane, 2-nitropropane, and 2-nitrobutane to nitrite while having no effect on the production of nitrite from the corresponding oximes (Table 1) . Thus, the oxidation of nitrogen provided in the form of an oxime does not involve the genesis of the corresponding nitroalkane.
On the other hand, both washed cells and extracts of cells grown in the presence of acetaldoxime formed nitrite from hydroxylamine. No such activity was found in cells or in extracts of cells cultured in oxime-free media. The enzyme system for hydroxylamine oxidation was also induced in cells grown for 16 hr in the basal medium supplied with other oximes (Table 2) . When added to the medium to concentrations greater than 1 mm, hydroxylamine inhibited the growth; although P. aeruginosa grew in media to which were added lower concentrations, neither the cells nor the extracts produced nitrite from hydroxylamine.
The extract lost activity only slowly when stored at -20 C, 60 to 80% being recovered after 1 month. By contrast, when stored at 4 C for 24 hr, the preparations lost as much as 50% of their initial activity.
With the standard conditions of assay, the formation of nitrite was linear with time, the In contrast with the autotrophic reaction sequence of Nitrosomonas europaea extracts, in which the quantity of nitrite formed is significantly less than the amount of hydroxylamine oxidized and in which significant quantities of nitrogenous gases may be produced (4), all of the hydroxylamine metabolized by P. aeruginosa extracts was recovered as nitrite. Hydroxylamine sulfate was inhibitory to 1-day but not to aged extracts at concentrations of greater than 0.5 umole per 0.5 ml (Fig. 1 ). The data in Fig. 1 also show that, despite the partial loss of activity in extracts stored at -20 C for 15 days, all the hydroxylamine which disappeared was recovered as nitrite in the range of substrate concentrations tested. Apparently, storage did not lead to a greater rate of destruction of the enzyme catalyzing nitrite formation than that concerned in hydroxylamine oxidation.
The effect of pH on the enzymatic conversion of hydroxylamine to nitrite is shown in Fig. 2 .
The buffers were used at a concentration of 0.02 M. Activity was detected from below pH 5.5 to pH 8.4, the optimum being about pH 6.8 to 7.1 with both phosphate and Tris-maleate buffers. nitrogenous compound was incubated with boiled enzyme; the hyponitrite loss was complete in 90 min. Thus, we did not obtain any evidence for an intermediary role of hyponitrite in heterotrophic nitrification by P. aeruginosa. Extracts incubated in air enriched with 4 and 8% N20 at 1 atm of pressure did not produce nitrite in a 60-min incubation period. When the enzyme preparation was supplied with hydroxylamine and was incubated in these N20-air mixtures, the rate of nitrite formation was the same as in N20-free air, indicating that N20 was nontoxic. If the gas phase in the reaction vessel was replaced with 0.1 atm of nitric oxide, no nitrite formation was observed in a 60-min incubation period. Under these test conditions, nitrite was not formed when hydroxylamine was added to the enzyme preparation, but small amounts of nitrogen dioxide were observed in the gas phase in these studies, so that the inhibition may have resulted from nitrogen dioxide rather than from nitric oxide.
When the supernatant fluid resulting from centrifugation at 144,000 X g was passed through a Sephadex G-50 column, none of the resulting eluate fractions was capable of metabolizing hydroxylamine. Activity could be restored when to the first fractions, which contained the proteins, were added the subsequent fractions containing low molecular weight compounds. Boiled extract replaced the factors in the later fractions, in allowing for hydroxylamine oxidation by the protein components of the cell-free preparation. A typical separation of proteins from the low molecular weight cofactors is shown in Fig. 3 . To assay for the presence of the enzyme in the eluate, 0.1 ml of boiled extract was added to the various fractions; to assay for the presence of cofactors in the eluate, 0.1-ml samples of the various fractions were added individually to one of the enzyme-containing fractions. It is apparent that a clear separation of the enzymatically active components from the cofactors was achieved. The active constituents in the cofactor eluate were not affected by boiling for 30 min but were destroyed by ashing overnight at 500 C. When added to the cell extract at concentrations of 10-3 to 10-4 M, NADP stimulated the rate of hydroxylamine oxidation to nitrite (Fig.  4) . Nevertheless, the activity in the proteincontaining eluate from the Sephadex G-50 column was not restored upon the addition of NADP. A role for this coenzyme in nitrite formation was indicated, however, because activity in the cofactor eluate from the Sephadex column was eliminated by treating the cofactor eluate fractions with nicotinamide adenine dinucleotidase; this lost activity was restored when NADP was added to the nicotinamide adenine dinucleotidasetreated cofactor eluate preparation which was mixed with the enzyme prior to assay (Table 3) . In these experiments, 0.1 ml each of a nicotinamide adenine dinucleotidase preparation containing 10 units of enzyme, 0.1 M Tris-maleate buffer (pH 6.8), and the cofactor eluate were incubated at 37 C for 30 min. The reaction was terminated by heating at 100 C. NAD had only about 5% of the activity of NADP. Because NADP alone was not sufficient to allow for nitrite formation by the enzyme-containing eluate, it appears that other cofactors are necessary in the reaction. FAD, FMN, and horse heart cytochrome c at 10-3 and l0-4 M, alone or in combination, did not stimulate the activity of the enzyme. Further information on the requirements for oxidation was obtained by employing inhibitors. Each inhibitor was preincubated with the extract for 3 to 4 min before addition of the substrate. The results are shown in Table 4 . The relative insensitivity of the preparation to quinacrine suggests that flavins do not participate in the reaction. Inhibition by metal binding agents such as KCN, diethyldithiocarbamate, aa, '-dipyridyl, and tiron indicates a possible role for a metal in the oxidation, but the addition of salts of iron, manganese, mangesium, zinc, molybdenum, calcium, and cobalt at 10-3 and 10-4 M did not stimulate the activity. Copper at 10-3 and 10-4 M had an inhibitory effect, which may result from its reaction with hydroxylamine (3). Inhibition by p-chlo- romercuribenzoate suggests a probable participation of sulfhydryl groups in the activity. Reversal of the p-chloromercuribenzoate inhibition by cysteine could not be demonstrated because hydroxylamine reacts with cysteine. Urethane (0.1 M) only inhibited the oxidation by about 5%. The heterotrophic oxidation of hydroxylamine is about as sensitive to suppression by hydrazine (65% inhibition at 10-s M) as that observed in the autotrophic oxidation by N. europaea (18) . In the absence of oxygen, there was no formation of nitrite and no disappearance of hydroxylamine in 60 min, even in the presence of 10-2 M NADP or 10-4 M methylene blue.
Attempts were made to separate the enzyme responsible for the disappearance of hydroxylamine from the catalyst involved in nitrite production on the assumption that more than one enzyme is required in a reaction sequence entailing the loss of four electrons. Passage of the enzyme preparation through columns of Sephadex G-150 and G-200 failed to yield fractions which oxidized more hydroxylamine than was accounted for as nitrite. Moreover, the extent of inhibition with the various inhibitors tested (Table 4) was the same whether nitrite formation or hydroxylamine disappearance was determined. Thus, a separation of the activity into two or more enzymes has not been achieved.
Catalase has the ability to catalyze the oxidation of inorganic nitrogen compounds (11) , and 120 units of catalase per mg of protein was found in the P. aeruginosa extracts. Assays for hydroxylamine-cytochrome c reductase did not reveal an increase in absorbancy at 550 m,u when 0.4 ml of extract containing 2.4 mg of protein was incubated with 1.2 ,umoles of hydroxylamine sulfate, 0.05 ,umole of cytochrome c, and 0.5 ml of 0.1 M Tris-maleate buffer (pH 6.8) in 2.5 ml of solution. Likewise, no evidence was obtained for NADPH2 formation when absorbancy changes were determined at 340 m,u employing 2.5 ml of solution containing 0.5 ml of extract (2.6 mg of protein), 1.25 Mmoles of hydroxylamine sulfate, 0.3 ,mole of NADP, and 0.5 ml of 0.1 M Tris-maleate buffer. The inability to show the formation of NADPH2 may have resulted from the presence of an NADPH2 oxidase. The latter enzyme was determined by the same method used for the assay of NADPH2 formation, with readings taken at 5-min intervals in a mixture containing 2.4 mg of protein and 0.3 ,mole of NADPH2; the extract catalyzed the oxidation of 0.096 ,umole of NADPH2 per 5 min.
DIscussIoN
In view of the fact that nitromethane prevented the conversion of nitro compounds to nitrite by extracts of P. aeruginosa without affecting the formation of nitrite from the corresponding oximes, the nitro compounds cannot be intermediates in the conversion of oximes to nitrite. An alternate mechanism for this transformation may involve the oxidation to nitrite of the small quantity of hydroxylamine which is in equilibrium with the oxime. The validity of this reaction mechanism is supported by the fact that extracts convert hydroxylamine to nitrite quantitatively and that only a small amount of the oximenitrogen is recovered as nitrite when extracts are incubated with the oxime. The small amount of nitrite generated is similar to the quantity of hydroxylamine in equilibrium with oximes (16) .
Induction of the enzyme system responsible for the oxidation of hydroxylamine to nitrite probably results from the hydroxylamine formed continuously in the oxime-containing growth medium. Hydroxylamine itself, when added to the medium at the time of inoculation, is probably decomposed before there is appreciable bacterial growth. The hydroxylamine in the oxime medium is converted to nitrite, and the oxime continues to supply hydroxylamine to restore the equilibrium. In this way, hydroxylamine is always present in the growth medium at noninhibitory concentrations, and all the oxime-nitrogen is oxidized. Lees et al. (12) have described heterotrophic microorganisms which, when grown on pyruvic oxime, form nitrite from both the oxime and hydroxylamine. These investigators suggested that these two compounds were metabolized by the same pathway, a pathway that may be similar to the one suggested here. Castell and Mapplebeck (6) described several species of Pseudomonas which formed nitrite from hydroxylamine, but they did not study the mechanism.
Aleem et al. (1) reported that hydroxylamine was oxidized to nitrate and nitrite by extracts of Aspergillus wentii. The fungal enzyme system and that of P. aeruginosa are both activated by NADP and have similar pH optima, but they differ in other characteristics; for example, the fungal preparation is activated by cytochrome c and copper, whereas cytochrome c has no effect on the P. aeruginosa preparation and copper inhibited the bacterial oxidation. N. europaea also effects hydroxylamine oxidation, but, in contrast with the autotrophic enzyme system (4), the disappearance of hydroxylamine is always associated with a concomitant and equal formation of nitrite by P. aeruginosa extracts. This may indicate that, if several enzymes are involved in the heterotroph, the first one is rate-limiting or the most labile. The enzymes of the autotrophic and heterotrophic bacteria also differ in their intracellular localization, inducibility, and apparent cofactor requirements.
The data indicate that hydroxylamine-cytochrome c reductase does not have a role in the oxidation, although the cytochrome c employed was of mammalian origin. Despite the fact that NADP is a cofactor in the nitrification reaction, hydroxylamine does not seem to be the substrate for an NADP-linked dehydrogenase because extracts incubated anaerobically in the presence of the pyridine nucleotide did not effect hydroxylamine disappearance. Nevertheless, it is possible that an NADP-linked dehydrogenasZ does participate in the reaction sequence by oxidizing not hydroxylamine but rather a more oxidized nitrogenous compound which is the precursor of nitrite. The identity of this hypothetical compound is unknown, but hyponitrite, nitrous oxide, and nitric oxide are probably not intermediates in the oxidation, inasmuch as extracts actively metabolizing hydroxylamine were without activity on these compounds.
In view of the fact that an enzyme preparation which converts hydroxylamine stoichiometrically to nitrite can be obtained with little difficulty, in contrast with the comparable autotrophic extracts, one major deterrent to biochemical studies of the mechanism of nitrification seems to have been eliminated
